The early stages of the infection of attached leaves and petioles of strawberry (Fragaria ×ananassa Duch. 'Camarosa') by Colletotrichum acutatum Simmonds were studied using scanning and transmission electron microscopy. Pre-penetration events of these tissues were similar, but the production of secondary conidia (microcyclic conidiation) was detected only on leaves. At the ultrastructural level, different stages of maturation of appressoria were observed and described. In young appressoria, the cell wall was composed of two layers and the plasma membrane displayed a wavy appearance. In the following stage, the appressorium developed a third electron-transparent layer between the cell wall and the plasma membrane. This new electron-transparent material was especially visible in the region of the appressorium near the cuticle. The plasma membrane of this appressorium showed a smooth appearance. Afterwards, a penetration peg emerged through the pore penetrating the cuticle and reached the epidermal wall where it enlarged to form an intramural infection vesicle. Both structures of infection, the penetration peg and the intramural infection vesicle, produced during the early phases of infection of strawbery tissues by C. acutatum, have not been previously reported and confirm that its invasion strategy is that of a subcuticular intramural pathogen. Once the infection was well established, abundant subcuticular and intramural hyphae were produced on petioles, causing severe degradation of the host cell walls. Occasionally, the cuticle appeared disrupted in those regions where the host walls were very degraded and dilated. Differences between colonization of petioles and leaves were observed.
Introduction
Strawberry (Fragaria ×ananassa Duch.) anthracnose is caused by species of the genera Colletotrichum and Gloeosporium. In the United States this disease is mainly caused by C. fragariae Brooks, C. gloeosporioides (Penz.) Penz. & Sacc., and C. acutatum Simmonds (Howard et al. 1992) . In Europe, only C. gloeosporioides and C. acutatum have been identified as pathogens causing anthracnose in strawberry (De los Santos and Romero 1999; Denoyes and Baudry 1995) .
Spain is the major producer of strawberry fruit in the European Union. In this country more than 90% of the national production is located in the province of Huelva (southwestern Spain) (Hancock 1999) . Anthracnose, caused by C. acutatum, is one of the most important diseases affecting strawberry production in this region, causing significant reductions in yield (De los Santos 1998) .
Host colonization and pathogenesis are well characterised for several species of Colletotrichum (Dickman 2000; O'Connell et al. 1985) . The initial stages of host infection by Colletotrichum spp. include conidial adhesion to the host surface, germination of conidia, production of germ tubes that differentiate to form melanized appressoria, and penetration of the host cuticle via appressoria (Dickman 2000) .
According to Bailey et al. (1992) , Colletotrichum spp. use primarily two infection strategies: intracellular hemibiotrophic invasion and subcuticular intramural invasion. In the first strategy, the pathogens exhibit a two-phase infection process: an initial symptomless or biotrophic phase, with hyphae growing within the cell lumen by means of a globose infection vesicle without perturbing the host plasma membrane, followed by a necrotrophic phase. Colletotrichum lindemuthianum infecting bean (Phaseolus vulgaris) or cowpea (Vigna unguiculata) (Bailey et al. 1990; Mercer et al. 1975; O'Connell et al. 1985; Skipp and Deverall 1972) , C. trifolii infecting alfalfa (Medicago sativa) (Mould et al. 1991a (Mould et al. , 1991b , and C. gloeosporioides infecting Malva spp. (Morin et al. 1996) are examples of species exhibiting this strategy. The subcuticular intramural invasion strategy is characterised by the growth of the pathogen beneath the cuticle and within the periclinal walls of epidermal cells (Bailey et al. 1990 ). Colletotrichum capsici (Pring et al. 1995) , C. truncatum (Manandhar et al. 1985) , C. circinans, and C. phomoides (Bailey et al. 1992 ) have been reported to use this strategy.
Colletotrichum acutatum is a pathogen affecting important crops world-wide; however, few studies have investigated the ultrastructure in strawberry systems (Curry et al. 2002) . Leandro et al. (2001) reported the germination and the formation of secondary conidia of this pathogen on the surface of detached strawberry leaves. Horowitz et al. (2002) studied the development of C. acutatum on strawberry and other plant species by using transgenic isolates. Curry et al. (2002) studied the histopathology of C. acutatum and C. fragariae in strawberry stolons and petioles and described the process of infection, showing, at the ultrastructural level, stages of invasion of these pathogens with hyphae under host cuticle and in anticlinal host wall. However, infection structures during the penetration phase, such as a penetration peg or infection vesicle, of C. acutatum have not been described at the ultrastructural level. There are still some aspects of the infection process of C. acutatum on strawberry that remain poorly understood, especially those related to the earliest stages of penetration.
The purpose of this study was to characterise the infection structures of C. acutatum involved during the penetration phase and the early stages of infection in two strawberry tissues, petioles and leaves, that express different susceptibility to this pathogen and to clarify the invasion strategy used by C. acutatum with respect to strategies previously described by other authors.
Materials and methods

Plant material
Strawberry plants (Fragaria ×ananassa 'Camarosa') that are highly susceptible to C. acutatum (De los Santos 1998) were obtained by micropropagation techniques. Plants were planted in 10.5 cm × 13.5 cm plastic pots containing sterilized peat (Klansmann-Deilmann, Geeste, Germany) and grown for 75 d before inoculation with C. acutatum in a greenhouse maintained at 25 ± 5°C day : 15 ± 5°C night.
Inoculation
Colletotrichum acutatum isolate CECT-20240 obtained from a naturally infected strawberry ('Chandler') crown was used in this study. Conidial suspensions were prepared by flooding the culture plates with 4-5 mL of sterile distilled water, scraping the colony surface with a scalpel, and filtering the suspension through sterile cheesecloth. The concentration was adjusted to 1 × 10 6 conidia·mL -1 using a haemocytometer. Attached petioles and both abaxial and adaxial surfaces of strawberry leaves were inoculated by applying 50-µL droplets of conidial suspension (Arroyo et al. 2001) . Inoculated plants were enclosed in plastic bags for 48 h to maintain high relative humidity and were incubated in a growth chamber at 25°C, with a 16-h photoperiod beneath fluorescent light (Sylvania Luxline Plus F58W/840 Cool White Deluxe, 100.5 µE·m -2 ·s -1 ). Control plants were treated with 50 µL of sterile distilled water and incubated as described above.
Scanning electron microscopy
To study conidial development of C. acutatum on strawberry tissues, or pre-penetration events, three petioles and six leaves were sampled at 4, 8, 12, 24, 48 , and 72 h after inoculation. Petiole segments 1 cm long and leaf disks 1 cm 2 from beneath inoculation droplets were removed and fixed overnight at 4°C in 4% (v/v) glutaraldehyde in 0.1 mol·L -1 phosphate buffer (pH 7.2), rinsed in buffer, and dehydrated through graded acetone to 100%. Segments and disks were dried in a critical point drying apparatus (model No. CDP-030, BAL-TEC Company, Balzers, Leichtenstein) and coated with gold. Observations and image collection were made using a Philips XL-20 scanning electron microscope (SEM) operating at 10 kV.
Transmission electron microscopy
To study the early stages of C. acutatum infection on strawberry tissues, three petioles and six leaves were sampled at 24, 36, and 48 h after inoculation. Strips of tissue approximately 1 mm thick and 1-2 mm long were removed from beneath the inoculation droplets on petioles and leaves and were fixed in 4% (v/v) glutaraldehyde in 0.1 mol·L -1 cacodylate buffer (pH 7.2) for 3 h at 4°C. After rinsing in the same buffer, the tissues were post-fixed in 1% (w/v) osmium tetroxide for 2 h at 4°C, then dehydrated in a graded acetone series, and embedded in EMBED-812 (Polysciences, Warrington, Penn.) according to the manufacturer's instructions.
Slides with semithin sections (0.5 µm) were placed on a hotplate at 50°C, stained for 1 min with 0.1% aqueous toluidine blue O, and examined using a light microscope (Leitz Aristoplan). Ultrathin 60-80 nm sections were made with a Reichert-Jung Ultracut E ultramicrotome and a diamond knife, and collected on 300-mesh copper grids (Dashek and Mayfield 2000) . Grids were stained with 7% aqueous uranyl acetate and lead citrate. Sections were observed and images collected using a Philips CM-10 transmission electron microscope (TEM).
Results
Scanning electron microscopy
Most conidia began to germinate on petiole and foliar surfaces within 4 h after inoculation by forming a germ tube from either end of the conidium, and occasionally from both ends. Lateral germination was rarely observed. Germinated conidia typically developed one or two transverse septa. By 8 h after inoculation, globose and subglobose appressoria were detected as swellings of the germ tube tips. On leaves, especially on the adaxial surface, appressoria originated from short germ tubes (sessile appressoria) (Fig. 1) . However, appressoria observed on petioles,at 24 h after inoculation, usually developed from elongated germ tubes, which often reached a length several times the conidium size. SEM revealed a septum between the germ tube and appressorium, near the base of the appressorium (Fig. 2 ). Appressoria were detected primarily near to the junction of the epidermal cells and, rarely, on stomata.
Microcyclic conidiation also was observed on either adaxial or abaxial surfaces of inoculated leaves, producing abundant secondary conidia from conidial and hyphal phialides (Figs. 3-5) . However, these conidiogenic structures
Figs. 1-5. Conidial development of Colletotrichum acutatum on petioles and leaves of strawberry (SEM). Fig. 1 . Sessile appressorium (A) and conidium (CO) with two transverse septa (arrows) on the adaxial leaf surface at 8 h post-inoculation (hpi). Scale bar = 5 µm. Fig. 2 . Appressoria (A) on petiole at 24 hpi, with basal septa (arrows) originating from long germ tubes. Scale bar = 5 µm. Fig. 3 . Secondary conidium on the adaxial leaf surface at 48 hpi, originating from hyphal phialide (arrow). Scale bar = 5 µm. Fig. 4 . Secondary conidia on the adaxial leaf surface at 72 hpi, originating from hyphal phialide (arrowhead) and conidial phialide (arrows). Scale bar = 10 µm. Fig. 5 . Secondary conidium (arrow) and appressorium (A) originated from a short germ tube on abaxial leaf surface at 72 hpi. Scale bar = 10 µm.
were not detected on petioles. At 72 h after inoculation, anastomosed fungal masses were detected on inoculated tissues, especially on leaves, forming ball-shaped accumulations nearly 100 µm in size (data not shown).
Transmission electron microscopy
Appressoria of C. acutatum were primarily located near the junction of the epidermal cells. At 24 h after inoculation, appressoria with different maturation stages and the earliest stages of penetration were observed on petioles (Figs. 6-10). Young (immature) appressoria, which had not yet developed the appressorial pore in the basal region, were observed. The cell wall of these appressoria was composed of two morphologically distinct layers: an outer electron-dense layer and an inner electron-transparent layer. In addition, a mucilaginous matrix, which had a fibrillar aspect, covered the cell wall. In these appressoria the plasma membrane had a wavy appearance and mitochondria were located in the cellular periphery (Fig. 6) . In a more advanced appressorium stage, the width of the cell wall appeared quite reduced in the regions close to the cuticle, and both inner and outer layers were indistinguishable, displaying a moderately dense aspect (Fig. 7) . In further stages of appressoria maturation, the cell wall close to the cuticle was completely dissolved to form a pore. In this region, the formation of a new electron-transparent layer between the cell wall and plasma membrane was observed connecting directly with the cuticle (Figs. 7, 8) . The plasma membrane of these appressoria had a smooth aspect except in the pore region, where it displayed a wavy appearance (Fig. 9) . A heterophagosome, with a myelin appearance, was observed around the pore region. The nuclei of these appressoria showed decondensed chromatin and its envelope was fragmented (Figs. 7-9) .
Subsequently, the appressorium initiated the formation of a V-shaped penetration peg, which pushed the host cuticle (Fig. 10) . The cell wall of the penetration peg was indistinct from the electron-transparent layer described above (Fig. 11) . Some appressorium cytoplasmic organelles migrated through the penetration peg (Fig. 11) . The peg was about 400 nm wide where it passed through the cuticle. When it reached the upper epidermal wall a small infection vesicle was formed (Fig. 12) . This infection vesicle, which developed intramurally, had an electron-dense content and an electron-transparent wall similar to the penetration peg (Fig. 13) . Surrounding the infection vesicle, electron-dense deposits in the host wall were observed (Figs. 12, 13) .
During the penetration phase, no morphological signs of the degradation of cuticular components were observed, but cuticle structure remained intact in those regions close to the infection pore (Figs. 12, 13) .
Later on during the penetration phase, the cuticle located between well-developed infection vesicles and collapsed appressoria showed darks bands corresponding to folds and disruptions (Fig. 14) .
The pathogen developed abundant hyphae from the infection vesicle in the subcuticular and intramural spaces. Host cell walls were highly degraded in the infected regions and this degradation could be occasionally seen around the invasion hyphae (Fig. 15) . The highly degraded host wall showed an aspect of dilatation and it could have caused the folding and the distortion of the cuticle (Fig. 16) . In fact, where the epidermal wall and the cuticle were separated the cuticle was often disrupted. In those regions of host tissue where the cuticle had large disruptions secondary infections by hyphae were facilitated (Fig. 17) . Direct penetration from germinated conidia through small disruptions was also observed (Fig. 18) .
At 24 h after inoculation, inter-and intra-cellular hyphae were detected in petioles using light microscopy and TEM. These hyphae were located in the second and third layer of the cortex, causing a high degree of disorganization in host cells and destroying over 10-20 host cells in this region (Figs. 19, 20) . Concurrently, macroscopic symptoms appeared on the petiole-inoculated region as brownish spots of up to 1 mm in size. Forty-eight hours after inoculation, interand intra-cellular hyphae extended throughout the cortex, increasing the necrosis of the petiole tissue. At the macroscopic level, lesions that were lineal-shaped, 2-8 mm long, not sunken, brown and greenish-brown or orange-brown were observed.
The penetration process of C. acutatum in leaf tissues was similar to that in petioles; however, the pathogen was restricted to the subcuticular layer and did not progress into the leaf mesophyll spaces. Forty-eight hours after inoculation, in inoculated leaf tissues, intra-and inter-cellular hyphae were detected in the abaxial epidermis, but only intramural subcuticular hyphae were observed on the adaxial leaf side. Macroscopic symptoms, such as brownish spots (1 mm in diameter), were only observed on the abaxial leaf surface.
Discussion
This is the first report, at the ultrastructural level, of the earliest stages of penetration of C. acutatum in strawberry tissues by the formation of a penetration peg via an appres-Figs. 6-10. Appressoria of Colletotrichum acutatum in different maturation stages on strawberry petioles at 24 hpi (TEM). Fig. 6 . Young appressorium on cuticle (C) with a wavy plasma membrane (arrowhead), appressorial wall with an electron-transparent inner layer (open arrow) and electron-dense outer layer (solid arrow), surrounded by a mucilaginous coating (MU). Scale bar = 1 µm. Fig. 7 . Pore formation in the basal portion of appressorium (open arrow) where a new electron-transparent material (solid arrow) is formed between appressorial wall and plasma membrane (arrowhead). The fragmented nuclear envelope (white arrows) and nucleus (N) are also shown. Scale bar = 0.5 µm. Fig. 8 . Appresorium with formed pore, dissolved wall (open arrow) in pore region, smooth plasma membrane (arrowhead), and electron-transparent material in pore (solid arrow). The fragmented nuclear envelope (white arrows) and the nucleus (N) are also shown. Scale bar = 1 µm. Fig. 9 . Enlargement of Fig. 8 . The appressorium plasma membrane appears smooth except for the pore region where it is wavy (arrowhead). Scale bar = 0.5 µm. Fig. 10 . Appressorium with infection pore and initiation of the penetration peg (PP) formation. Scale bar = 0.5 µm. AW, appressorial wall; C, cuticle; HE, heterophagosome; HW, host cell wall; M, mitochondria.
Figs. 11-13. Formation and development of penetration peg by Colletotrichum acutatum in strawberry petioles at 24 hpi (TEM). Fig. 11 . Appressorium organelles (arrowhead) in penetration peg (PP) and peg wall (arrow). Scale bar = 0.5 µm. Fig. 12 . Penetration peg (PP), small intramural infection vesicle (IV), and electron-dense deposits (open arrows) in host cell wall (HW) surrounding infection vesicle (IV). Scale bar = 0.5 µm. Fig. 13 . Intramural development of infection vesicle (IV), peg wall (solid arrows), electron-dense deposits in host cell wall (open arrow), mitochondria (M) near pore, and wavy plasma membrane (arrowhead). Scale bar = 0.5 µm. AW, appressorial wall; C, cuticle; HE, heterophagosome; HW, host wall.
Figs. 14-17. Advanced stages of infection in petioles by Colletotrichum acutatum at 24 hpi. Fig. 14 . Cuticle (C) between collapsed appressorium (A) and intramural infection vesicle (IV) showing dark bands that correspond to folds (arrowhead) and disruption (arrow). Degradation of the host cell wall (HW) is visible (*). Scale bar = 0.5 µm. Fig. 15 . Degradation (*) of host cell wall (HW) in region close to invasion hypha (H). Scale bar = 0.5 µm. Fig. 16 . Cuticle (C) is folded and distorted in the presence of a subcuticular hypha (H). Subjacent epidermal cell (EC) with no visible signs of alteration is also shown. Scale bar = 1 µm. Fig. 17 . Secondary infections owing to massive invasion of hyphae (H) in a region where cuticle (C) is distorted and broken (arrows). High degrees of degradation of the host cell wall (*) are also shown. Scale bar = 1 µm. Fig. 18 . Direct penetration from a germinated conidium (CO) of Colletotrichum acutatum in strawberry tissues at 24 hpi (TEM). Penetration is through a small cuticle (C) disruption (arrow) that produces an invasion hypha (H) into host cell wall (HW). Scale bar = 1 µm.
sorium and a subcuticular and intramural infection vesicle. The penetration peg has been observed and described at the ultrastructural level in other Colletotrichum spp. that infect other hosts (Coates et al. 1993; Latunde-Dada et al. 1996; Mercer et al. 1975; Mould et al. 1991b; O'Connell et al. 1985; Politis and Wheeler 1973; Wharton et al. 2001; Xuei et al. 1988) . Curry et al. (2002) mentioned, but did not describe, the formation of the penetration peg from appressoria of C. fragariae infecting strawberry tissues, at the light microscope level but not the ultrastructural level. This is also the first report showing the subcuticular and intramural infection vesicle from C. acutatum during the early infection process of strawberry tissues and demonstrates that it behaves as a subcuticular and intramural pathogen according to infection strategies previously described by Bailey et al. (1992) .
Pre-penetration events from germination to appressorium formation were similar to those described for other species of Colletotrichum (Dickman 2000) . Microcyclic conidiation or conidiogenesis was observed on both adaxial and abaxial surfaces of attached strawberry leaves. This process has already been described in C. capsici on cowpea leaves (Latunde-Dada et al. 1999 ) and in C. acutatum on detached (Leandro et al. 2001 ) and attached (Horowitz et al. (2002) strawberry leaves, which may have implications on disease epidemics. However, on strawberry petioles, conidiogenic structures were not found. In previous work, strawberry leaves were less susceptible to C. acutatum infection than petioles (Arroyo et al. 2001; De los Santos 1998) . Leandro et al. (2001) suggested that the production of secondary conidia may increase inoculum when susceptible tissue is not available. This is correlated with the observation of more severe macroscopic symptoms on petioles than on foliar tissues, that may be explained by the limited penetration observed on leaves.
The penetration phase of C. acutatum on strawberry tissues was not a synchronous process, as previously described for other Colletotrichum spp. on other hosts (O'Connell et al. 1985; Makowski and Mortensen 1998) . Our work shows a detailed description, at the ultrastructural level, of different appressoria maturation stages of C. acutatum, before, during, and after their differentiation or melanization, which occurs at approximately the same time that appressorial pore formation begins (Leandro et al. 2001) . During the penetration phase, the observation of a clean disruption of the cuticle, which does not display signs of degradation, supports the hypothesis that penetration could be based on mechanical forces (Mercer et al. 1975; O'Connell et al. 1985) . Nevertheless, other factors such as the action of extracellular enzymes during the penetration process can not be excluded (Manandhar et al. 1985; O'Connell et al. 1985) . The existence of appressoria whose plasma membranes show a smooth appearance at the penetration time, which could be related to an increased turgor pressure, also supports this hypothesis. Howard et al. (1991) reported that high turgor pressure in the appressorium is essential for mechanical penetration. Horowitz et al. (2002) observed collapsed appressoria after penetration, which they related to losses of turgor pressure in these structures.
Whereas other species of Colletotrichum produce a penetration peg and develop an intracellular infection vesicle (Bailey et al. 1990; Latunde-Dada et al. 1996; O'Connell et al. 1985; Wharton et al. 2001) , C. acutatum produces a penetration peg that develops a subcuticular and intramural infection vesicle. These results demonstrate that this pathogen uses a subcuticular intramural invasion strategy, which is related to species with a wide host range that are considered generalist invaders (Bailey et al. 1992 ). However, Curry et al. (2002) left some uncertainly about calling this fungus hemibiotrophs because of the brevity of the biotrophic phase in C. acutatum. In our observations, the biotrophic phase on petioles was very brief, occurring during the period between 12 and 24 h after inoculation, similar to that described by Curry et al. (2002) .
At 24 h after inoculation, host cell necrosis is less severe in foliar tisues than in petioles, so the biotrophic phase may be prolonged in the foliar tissue and the pathogen may remain within the plant cell wall longer without causing macroscopically visible lesions. Therefore, this symptomless stage in the leaf tissues would facilitate the survival of C. acutatum and represent a source of inoculum for further infections. The presence of subcuticular, intramural, and intra-or inter-cellular hyphae in leaf tissues disagrees with results of Leandro et al. (2001) , who did not detect host penetration of strawberry leaves by C. acutatum. However, our observations agree with those of Horowitz et al. (2002) , who detected the fungus inside strawberry leaves.
The observation of electron-dense deposits of unknown nature around the infection vesicle suggests a defence reaction of the plant to the presence of C. acutatum. In other host-pathogen interactions involving Colletotrichum spp., an electron-dense material called papilla has been found in the plant cell wall. This is a nonspecific response of the host in reaction to the presence of the pathogen (Bailey et al. 1990; Mercer et al. 1975; Mould et al. 1991b; O'Connell et al. 1985) . In most instances, these electron-dense deposits are not capable of stopping the invasion of the pathogen (Mould et al. 1991b) .
During the host tissue invasion process the host walls appeared highly degraded, presumably because of pathogen enzymes (Fernando et al. 2001) . This degradation and disorganisation of the host walls caused dilatation and occasionally the disruption of the cuticle. This phenomenon has already been observed in alfalfa infected by C. trifolii (Porto et al. 1988) .
This ultrastructural study of the infection process in petioles and leaves of strawberry by C. acutatum supports a different response of both tissues to this pathogen, which had already been observed at the macroscopic level. It is unknown which mechanisms could be used by the foliar tissue to limit the invasion of C. acutatum and keep it in a symptomless stage.
